[1] In this study we compare ground vibrations generated by various rocks and debris flows at the same channel to explore the origin of ground vibrations caused by debris flows. In field experiments we identified the ground vibrations caused by motions of individual rocks. Ground vibrations were detected by geophones and analyzed in the time-frequency domains. We found that ground vibrations caused by individual rocks were 10-150 Hz and that larger stones generate ground vibrations with lower peak frequencies. A sphere-packing model of granular rocks was used to estimate the propagation speed of ground vibrations. This was found to be underestimated when compared with our experimental data. The signal decay rate was obtained under the assumption that ground vibrations propagate as exponentially attenuating cylindrical waves. Ground vibrations produced by a debris flow at Ai-Yu-Zi Creek, Nan-Tou, Taiwan, on 2 July 2004 revealed that the debris flow forefront produced vibrations lower than 50 Hz and ranged between 50 and 100 Hz after the front had passed. When the main front was closest to the sensor, the frequency spectrum covered a wide range, from 10 to 250 Hz. The mean velocity of the debris flow front was 13.3 m/s. Frequencies of ground vibrations caused by individual rocks are within the frequency range of ground vibrations captured during the debris flow, confirming that one of the main sources of ground vibration caused by debris flows is the interaction of rocks or boulders with the channel bed. 
Introduction
[2] Debris flows are rapid, gravity-induced flows of mixtures of rocks, mud and water [Johnson, 1984; Iverson, 1997] . The gradual increase in overcultivation in mountainous regions worldwide has led to disasters caused by debris flows that threaten inhabitants living near those mountains. Debris flows have the following characteristics [Takahashi, 1991] : (1) The forefront looks like a bore and the largest stones accumulate at the forefront; (2) behind the flow front, the flow appears as a mudflow with a gradually decreasing discharge; and (3) the flow is accompanied by a loud noise and the ground vibrates violently. These ground vibrations are also called underground sounds, or geosounds, and are speculated to be generated by the collision of large boulders with the channel bed, especially near the front of the debris flow. Recently, measurements of ground vibrations have been utilized to detect the occurrence of debris flows.
[3] Ground vibrations resulting from debris flows have received considerable attention (Okuda et al. [1980] , Wu et al. [1990] , Hadley and LaHusen [1991] , Marcial et al. [1993] , Tungol and Regalado [1997] , Itakura et al. [1997] , Suwa et al. [2000] , Lavigne et al. [2000] , Berti et al. [2000] , Arattano [2000 Arattano [ , 2003 , and Hürlimann et al. [2003] , among many others). The properties of these ground vibrations can be summarized as follows. 1. The frequency ranges between 10 and 100 Hz, and only occasionally exceeds 100 Hz. 2. The peak frequencies range from 10-30 Hz at the surge front to 60-80 Hz at the flow tail, presumably because the largest stones accumulate at the forefront. The peak frequency is the frequency of ground vibrations occurring at the peak velocity amplitude. 3. The amplitude of ground vibration is proportional to the discharge of debris flows. It was also noted that the passage of the main front of debris flows near the sensors yields an abrupt increase in the ground vibration amplitude that can be employed to detect the presence of the debris flow front, or can be utilized to estimate the average front velocity when two or more detectors are installed along the banks of the channel [Arattano, 2003] . Accordingly, debris flows should be detectable whenever the amplitude of the ground vibration signals exceeds a threshold over a certain range of frequencies for more than a given period.
[4] Although many monitoring data have been collected and analyzed to reveal the characteristics of underground sound generated by real debris flows, the underground sounds generated by different rock motions that occur in debris flows have not been extensively studied in the laboratory. Huang et al. [2004] employed hydrophones to measure the underground sound generated by different rock motions produced by small-scale flows in a laboratory flume. The frequency of the sound generated by rock gravel bed friction is relatively low, ranging between 20 and 80 Hz; the frequency range of collision sound was relatively higher, 10-500 Hz. Finally, the frequency range of underground sound induced by debris flows in the flume was 20-300 Hz.
[5] The purpose of this study is to examine and compare ground vibrations produced by rock motions and debris flows in order to explore the main sources of ground vibrations caused by debris flows. This work began with the examination of ground vibrations generated when a rock hits or rolls on a channel bed, in which automatic debris flow monitoring systems were installed to collect ground vibration data for a real debris flow. Ground vibrations were detected using three geophones installed in series. Time domain signals were converted into frequency domain signals using the Fast Fourier Transform (FFT) and into the time frequency domain signals using the Gabor transform. The features of ground vibrations are examined in terms of frequency range, phase speed and decay rate. Decay rates were determined by assuming that ground vibrations propagate in the form of cylindrical waves. Although no specific theory is available for determining phase speed of cylindrical surface waves in porous media, the approach developed by Duffy and Mindlin [1957] was applied to estimate values for comparison with field data. Following the investigation of ground vibrations caused by artificially induced rock motions, monitoring data for ground vibrations caused by a real debris flow on 2 July 2004, at Ai-Yu-Zi Creek, Nan-Tou County, Taiwan, were analyzed in detail to identify the primary characteristics of ground vibrations associated with debris flows. Monitoring data were then compared with field data to explore the origin of ground vibrations caused by debris flows.
Propagation of Elastic Waves in the Earth Material
[6] Ground vibrations are typically caused by earthquakes, volcanic eruptions, debris flows, debris avalanches, impact of rocks on the ground, and by many other sources. Earth materials comprise saturated or nonsaturated granular soils or stones, and can be treated as granular and porous media. Three main methods exist for determining the phase speed of elastic waves in porous materials: (1) the Gassmann theory of fluid-saturated rocks [Gassmann, 1951a [Gassmann, , 1951b ; (2) the Biot theory of fluid-saturated media [Biot, 1956a [Biot, , 1956b [Biot, , 1962 ; and (3) the sphere-packing model of granular rocks [Duffy and Mindlin, 1957] . Among these three models, only the sphere-packing model permits a direct calculation of the average elastic constants for a dry skeleton. In the approaches by Gassmann and Biot the average elastic constants for a dry skeleton must be measured or inferred from corresponding values for fluid-saturated media. Therefore this study used sphere-packing model to estimate the phase speed of elastic waves in porous media. This theoretical wave speed was compared to experimental field data (described in Section 5.3). White [1983] presented detailed theories of underground sound propagation in earth materials.
[7] The main concept in the sphere-packing model is to describe the behavior of the sphere-packing grains using the contact theory proposed by Hertz [Love, 1944] to compute the contact areas and the relative displacements among spheres. The Hertz theory treats only forces that act normal to the spherical surface at the points of contact. White and Sengbush [1953] recognized that forces at contact points would have tangential components, which would influence the overall elastic modulus of a sphere pack. Mindlin [1949] determined the relative displacement of two spheres subjected to a tangential force, and Duffy and Mindlin [1957] combined this result with the Hertz theory to determine the speeds of elastic waves in a face-centered cubic array of spheres. The speed of plane compressional waves (P waves) along an axis of a simple cubic array of like spheres, under a preloaded pressure p is [White, 1983] 
where r s is the density, u s is the Poisson ratio, and E s is the elastic modulus of the solid of which the spheres are made, and p is the preloading pressure. The speed of shear waves (S waves) is determined by
For a simple cubic array of spheres saturated with a fluid, the speed of compressional waves is
where
where k s and k f are the bulk moduli of the granular medium and the saturated fluid, respectively.
[8] Equations (1) and (2) specify the phase speed of the compressional waves and the shear waves, according to the sphere-packing model, in which the preloading pressure is given by p = pgZ with p = p 6 r s and Z is the depth and is assumed to be 0.1 m. When the skeleton is saturated with fluid, the phase speed of the compressional waves is determined from equation (3). The shear rigidity of a dry skeleton is assumed to be the same as that for a saturated skeleton; then, equation (2) can be applied to determine the phase velocity of the shear waves in a saturated skeleton, as long as the weight of the fluid is taken into account when determining the preloading pressure p.
[9] The ground vibrations, resulting from the debris flows detected by geophones on Earth's surface, are surface waves and resemble Rayleigh waves. Although theories for evaluating the phase speed of Rayleigh waves in porous media are still under development (Tajuddin [1984] and Wang and Zhang [1998] , among many others), for practical purposes, this phase speed is often assumed to be the same as that for shear waves. [Schön, 1996] . The estimated phase speed of the ground vibration was compared with the experimental data in Section 5.3.
Signal Processing and Analysis
[10] The FFT is commonly used to convert time series signals into the frequency domain to reveal the spectral characteristics of periodic signals. However, the ground vibrations caused by debris flows are characterized by abrupt transitions, jump discontinuities, damping and a nonstationary feature. Thus this study utilizes the Gabor transform [Gabor, 1946; Friedlander and Porat, 1989; Friedlander and Zeira, 1995] to analyze ground vibration signals. Given a time series signal y(t), the Gabor representation of y(t) using the window function g(t) is
where C m,n represents Gabor coefficients and Dt and Df are discrete intervals in the time and frequency domains. The Gabor transform is intended to solve for C m,n . The function g(t À nDt) is a one-sided exponential window function and is
where u(t) is the unit step function. The parameter l is the damping coefficient, which is employed to control the effective window width. After the biorthogonal function of the window function g m,n (t) is solved, the biorthogonal function is substituted into equation (6) to determine C m,n .
The Gabor transform is equivalent to the short-time Fourier transform. Feichtinger and Strohmer [1998] elucidate the theory and application of Gabor analysis and algorithm.
[11] Previous studies determined the value of l to be 55 s
À1
, where s denotes the time. The Gabor transform is insensitive to the damping coefficient; consequently, this value was used in the Gabor transform throughout this work, in which time series data for ground vibrations are presented in the frequency domain using FFT and the time-frequency domain using the Gabor transform. Each presentation has its own advantages and drawbacks. The signal in the frequency domain provides a detailed resolution in the frequency domain, however, information on time evolution is lost. The signal in the time-frequency domain shows the behavior of signals in both time and frequency domains; however, resolution in the frequency is inferior to that obtained using FFT.
Field Experiments and Monitoring System

Field Experiments
[12] Field experiments were conducted on river channel beds, where debris flow monitoring systems were installed. Figure 1 presents a typical experimental setup used in the single falling rock tests. Rocks weighing 12 kg or 50 kg, fall freely onto the channel bed, causing the ground to vibrate. Ground vibration is monitored using the geophone (GS-20DX, Geospace Technologies, United States) installed in the channel bed surface. Three geophones were installed in a straight line; the gap between two adjacent geophones was 5 m or 2 m. The GS-20DX geophones detect frequencies in the range of 8 -1500 Hz. The analogous signals from the geophones were converted into digital data for further signal processing. The primary frequencies of ground vibrations caused by debris flows are 10-300 Hz. The experimental sampling rate was set at 1000 Hz, to resolve the vibration signals correctly. Each test was repeated 2 -3 times under identical conditions to yield reliable data.
[13] Field tests were performed at two sites, Fong-Ciou Creek and Ai-Yu-Zi Creek, both located in Sin-Yi Hsiang, Nan-Tou County, Taiwan, where an automated Debris Flow Monitoring System exists. The channel bed in Fong-Ciou Creek is dry except in the rainy season. Field experiments were performed in June 2003, during a long period of drought. The rock and soil in the channel bed are closely packed, presenting a rugged bed with protruding rocks. This channel bed type is referred hereafter as ''dense.'' The (1)) (equation (2) 
Debris Flow Monitoring System
[14] The Soil and Water Conservation Bureau (SWCB), Council of Agriculture, Taiwan, established 13 Debris Flow Observation Stations in regions affected by debris flows over the last two to three years, as an advance warning system. Each debris flow monitoring station consists of monitoring equipment, a front data-receiving center, data transmission system, back data processing system and an Internet-based real-time display system. The monitoring instruments include rain gauges, CCD cameras, wire sensors, geophones and overhead ultrasonic distance measuring devices. The system usually operates in ''normal mode'' with a low sampling rate. When rainfall exceeds a specific threshold, the entire system automatically switches to ''event mode'' and increases the sampling rate to 500 Hz. Ground vibrations recorded by geophones are expected to generate a signal useful as an advance warning of debris flows. Integrating and comparing the ground vibration recordings with signals obtained from wire sensors or CCD cameras gives an accurate means of detecting debris flows. Yin [2005] described in detail the development and application of the automated debris flow monitoring system in Taiwan. Brief descriptions of how ground vibrations produced by debris flows are detected and the field data are saved for further analyses follow. The instruments at the Ai-Yu-Zi Creek Observation Station, located in Nan-Tou County, Taiwan, are used herein as an example. One video camera, two geophones, two wire sensors and one rain gauge are installed at the Ai-Yu-Zi Creek Observation Station (Figure 2 ). The CCD camera is located on the Ai-Yu-Zi Bridge to provide images of debris flow along a 180-m-long stretch of channel. Two geophones are located along the channel; the upstream one (Figure 3a) is installed in the right bank revetment of the Ai-Yu-Zi Creek, and the downstream one (Figure 3b ) is mounted in the concrete revetment that is connected to the Ai-Yu-Zi Bridge piers. The two geophones are 173 m apart.
[15] The debris flow data obtained by all monitoring equipment are saved and processed at the front data-receiving center that contains the data processing and power supply systems. The front data-receiving center also has a Very Small Aperture Terminal (VSAT) to send information to, or receive information from, the debris flow disaster response center in the SWCB, via satellite. Hence ground vibration signals detected by the geophones can be accessed at the SWCB. As the amount of data is considerable (the sampling rate is 500 Hz in event mode), raw data are normally saved on the computer at the front data-receiving center, and only processed data are transmitted to the SWCB for monitoring purposes.
Field Test Results
Field Tests at Fong-Ciou Creek
[16] Table 2 lists the field experiment conditions at FongCiou Creek. Local rocks weighing 12 kg and 50 kg were released from a height of 1.5 m and 0.6 m, respectively, and allowed to fall onto the channel bed. The Z axis is chosen to be perpendicular to the ground, while the X-Y plane is parallel to the ground surface with the X axis is parallel to the channel and the Y axis crosses the channel. Background noise was measured to distinguish it from ground vibrations generated during experiments. Background noise along the X, Y, and Z axes are very similar; Figure 4 only presents the background noise along the Z axis. Notably, the background noise amplitude is very small with a dominant frequency of 150 Hz.
Frequency of Ground Vibrations
[17] When a rock falls and hits the Fong-Ciou Creek channel bed, the dominant ground vibration is usually generated along the Z axis. Figure 5 displays the typical ground vibration along the Z axis caused by a 12 kg stone released from 1.5 m hitting the channel bed (experimental condition Fa in Table 2 ) -for brevity sake, only signals along the Z axis are plotted. The signals following the lead signal were generated by the second and the third hits of the rebounded rock. Figure 5 shows that the frequency of the ground vibration ranges mainly between 60 Hz and 120 Hz. Figure 6 plots a typical ground vibration along the Z axis generated by a 50 kg stone released from 0.6 m (experimental condition Fb). The peak frequency in Figure 5 is around 100 Hz, whereas that in Figure 6 is around 85 Hz, indicating that larger stones generate ground vibrations of lower frequencies upon impact. This finding is consistent with that obtained by Okuda et al. [1980] , who found that the frequency range of ground vibrations at surge front of debris flows is lower than that at the flow tail, and suspected that ground vibrations of lower frequency are produced by the accumulated large stones at the front of debris flows. of ground vibrations along the X and Y axes are only slightly smaller than that along the Z axis.
Propagation Speed and Decay Rate of Ground Vibration
[18] Knowledge of the propagation speed and spatial decay rate for ground vibrations may yield information that can be used when selecting sites suitable for installing geophones and analyzing ground vibration signals. This study utilized the following method to calculate propagation speed. The time domain signal on the Z axis was recorded using three geophones, as described in Section 4.1. The arrival time of the signal was detected at each sensor. Propagation speed was then calculated by dividing the distance between adjacent geophones by the time required by the ground vibration to move from the upstream geophone to the downstream one. The vibration signal on the Z axis was the strongest signal along the three axes; consequently, the Z axis was the only axis examined to determine propagation speed and decay rate. The geophone nearest the impact position was the first geophone; the others were numbered according to their distance from the impact point. The distance between two adjacent geophones was 5 m. third geophone is so small that signal arrival time cannot be accurately determined from Figure 8c . Because of the uncertainty involved in determining V 23 , V 12 is apparently more reliable. Hence we assumed that the propagation speed of the ground vibration in the Fong-Ciou Creek channel bed was 833.3 -1000 m/s.
[19] To determine the spatial decay rate of the ground vibrations caused by rock motions, ground vibration was assumed to propagate as cylindrical waves with an exponential attenuation function. Accordingly, the velocity amplitude of the ground vibration far from the seismic source can be expressed as
where r is the distance from the seismic source, a is the attenuation coefficient or the decay rate with dimension L
À1
, where L is the length, andÃ denotes the initial amplitude times a phase function that specifies the propagation of waves, such as e ik(rÀct) , where k is the wave number, c the propagation speed of the waves and t is the time. In equation (8) the far field asymptotic behavior of the zeroth-order Hankel function was applied. The amplitude given by equation (8) decays in two ways because it is proportional to 1/ ffiffi r p and e
Àar
. The former decay is caused by the geometrical effect of energy distribution, and is called ''geometrical spreading.'' This decay causes no energy loss. The latter decay is caused by propagation of ground vibrations in the medium due to friction and is addressed herein. equation (8) can be rewritten as
where r 1 is the distance from the first geophone to the seismic source. The velocity amplitude measured by the first geophone is assumed to be V 1 ; substituting this value into equation (9) yields
The spatial decay rate can be calculated from equation (10), given the position of the second or the third geophone and the measured velocity amplitude. Table 2 presents the decay rates for ground vibrations under experimental conditions Fa, Fb and Fc, in which a 12 is the decay rate between the first and second geophones, and a 13 is that between the first and third. As the geophones were in fixed locations, the decay rates should be about the same for all test cases presented in Table 2 . The wide range of decay rates may be due to the following reasons: (1) the heterogeneity of the geological properties of the channel bed between geophones; (2) dependence of the decay rate of elastic waves on frequency [Toksöz and Johnston, 1981] , and the fact that no test can produce ground vibrations that have exactly the same frequencies; and (3) the inappropriateness of the model for determining decay rate. The effects of the heterogeneous geological properties can be improved, when the distance between the geophones is reduced, as demonstrated in subsequent field tests (Table 3) . Further investigation is required to clarify variation in the decay rate under the same test conditions.
Field Tests at Ai-Yu-Zi Creek
[20] The ground vibrations caused by a rock hitting the channel bed in Ai-Yu-Zi Creek was studied using the same experimental procedure as that used for Fong-Ciou Creek. The distance between two adjacent geophones was 2 m, instead of 5 m used at Fong-Ciou Creek. Table 3 presents experimental conditions and acquired phase speed and decay rate for ground vibrations. Experiments were performed at two locations along the channel bed; one was close to the upstream geophone, and the other was close to the downstream geophone in the automated debris flow monitoring system. The distance between the two geophones was 173 m. Three different stone weights, roughly 10 kg, 30 kg and 50 kg, were used to generate the seismic source. When a rock hit the channel bed of Ai-Yu-Zi Creek, the dominant ground vibrations were along the X and Y axes; the vibration along the Y axis was slightly larger than that along the X axis, in contrast to that at Fong-Ciou Creek, where the vibration along the Z axis was largest. This difference may result from the fact that the channel bed at Fong-Ciou Creek is denser than that at Ai-Yu-Zi Creek. The rock bounced after its initial impact in experiments conducted at Fong-Ciou Creek, but not in those undertaken at Ai-Yu-Zi Creek. Consequently, generating ground vibrations by rolling a rock along the channel bed is difficult at Ai-Yu-Zi Creek. Huang [2005] provided detailed information on ground vibrations obtained from field tests at the AiYu-Zi Creek.
[21] Figure 9 displays the ground vibrations produced by a 29.4 kg rock released from a height of 1.2 m hitting the channel bed of the Ai-Yu-Zi Creek, as detected by the first geophone along the Y axis. The signals in the frequency and the time-frequency domains suggest that the features of signals along the three axes are very similar: The frequen- cies ranged between 10 and 150 Hz, with a peak frequency of 80 Hz. Figures 10 and 11 plot the results obtained along the Y axis for rock weights of 10 kg and 50 kg. Measurement results indicate that as the rock weight varied, the ground vibration frequency range remained constant. However, the peak frequency shifted to 100 Hz for the 10 kg rock and to 50 Hz for the 50 kg rock. These experimental results reveal that the peak ground vibration frequency decreases as the rock weight increases in a manner consistent with experimental results obtained at the Fong-Ciou Creek. The ground vibration velocity amplitude generally increased with rock weight. The velocity amplitude of the ground vibration in Figure 11 may be lower because the impact energy was distributed over a wide band, and therefore reduces the amplitude of the main peak frequency. (Table 3) . Notably, as the distance between two adjacent geophones decreases, the values of V 12 and V 23 become closer. The decay rate exhibited a similar effect; it ranged primarily between 0.219 m À1 and 0.372 m
À1
; a 12 has a mean value of 0.362 m
; a 13 has a mean value of 0.241 m À1 .
Comparison of Field Test Data
[23] The field data for ground vibrations acquired at the channel beds of Fong-Ciou Creek and Ai-Yu-Zi Creek indicate that the range of frequencies for ground vibrations at Fong-Ciou Creek (50 -100 Hz) was narrower than that at Ai-Yu-Zi Creek (10 -150 Hz). The frequency range at the latter may be wider because the channel bed of Ai-Yu-Zi Creek is less dense than that of Fong-Ciou Creek; consequently, the rock's initial impact induced secondary motions between rocks and sand in the ground, thereby increasing the range of ground vibration frequencies. The energy of the free-falling rock was completely absorbed by the ground at Ai-Yu-Zi Creek and the rock did not rebound. The difference between the geological structure, rock types and soil types in the two channel beds is responsible for the difference between the ground vibration phase speeds at the two creeks. The ground vibration phase speed at FongCiou Creek was 833.3-1000 m/s, whereas that at Ai-Yu-Zi Creek was 333.3 -400 m/s. The theoretical values for the propagation speed based on the sphere-packing model obtained in Section 2 is 241 m/s, when the sand is assumed to be quartz and the ground vibration phase speed is assumed to be the same as that for shear waves. The sphere-packing model underestimates ground vibration phase speed at the two creeks, perhaps because the porous material was assumed to be composed of a regular array of identical spheres, whereas real earth materials comprise stones and sand particles of various sizes. Table 4 lists the average phase speed obtained from the field tests at other channel beds, at which the automated debris flow observation stations were established, to provide more information on ground vibration phase speed. Huang [2004] performed field tests on ground vibrations at these stations. Notably, the ground vibration phase speeds at Hua-Shan Station and Shen-Mu Station (Chu-Shuei Creek) are very close to the theoretical value, whereas at other locations, such as JyunKeng and Jiou-Fen-Er-Shan, the phase speeds are lower than the theoretical value. The propagation speed of ground vibrations is typically lower in fine-grain soil with less coarse sediment.
Ground Vibrations Caused by a Real Debris Flow
[24] A debris flow occurred at the Ai-Yu-Zi Creek on 2 July 2004. Heavy rainfall during the period of the Mindulle typhoon caused this flow. This granular debris flow washed away the Shen-Mu roadbed downriver and severely damaged the piers of the Ai-Yu-Zi Bridge. The altitude of the drainage basin at Ai-Yu-Zi Creek is from 1,200 -2,500 m and in excess of 75% of the entire drainage basin has a slope of over 55%. Debris flows in the Ai-Yu-Zi Creek usually comprise muddy slurry and boulders of quartzite and sandstones [Wu et al., 2004] .
[ (1) The main front reached the upstream geophone at 1641:44 LT; (2) the ground vibration was three-dimensional with velocity amplitudes that are roughly the same (40 cm/s) along the three axes; (3) the frequencies of ground vibrations were 10 -100 Hz; and (4) at the initial stage of the main front, the frequency is lower than 50 Hz, whereas after the main front has passed, the frequency was 50 -100 Hz. However, when the main front was closest to the sensor, the frequency spectrum covered a wide range, from 10 to 250 Hz.
[ (1) The velocity amplitude of ground vibrations recorded by the downstream geophone is about 4 cm/s, which is roughly ten times less than that recorded by the upstream geophone; and (2) the signals in the time-frequency domain, presented in Figures 15c-17c , are inconsistent with those in Figures 12-14 . These two differences can be traced back to the location at which the geophone was mounted. The downstream geophone was mounted in a concrete revetment connected to the AiYu-Zi Bridge piers; consequently, the geophone was less sensitive to ground vibration caused by debris flows than a geophone embedded in the earth. Hence the recorded signal had a markedly lower velocity amplitude. Hürlimann et al. [2003] reported similar phenomena and noted that geophone signal quality depends strongly on the substrata on which the instrument is installed. Embedding the geophone into a concrete revetment also affects the vibration frequencies, as the ground vibration generated by debris flows causes the concrete revetment to vibrate at frequencies determined by the revetment geometry and mass.
[27] The geophone recorded many time series data, when the sampling rate was 500 Hz. These data are simplified by Figures 12-14 reveals that the frequency of the ground vibration caused by a single stone hitting the channel bed lies within the range of frequencies for the ground vibration generated by a real debris flow at the same channel. In Figures 9 -11 , the peak frequency of the ground vibration decreases as the weight of the rock increases. This phenomenon agrees with the results presented in Figures 12-14 , which indicate that the accumulation of large stones at the forefront causes peak frequencies to lie within a range of 50 Hz, whereas that of the flow tail ranges between 50 and 100 Hz. The results displayed in Figures 9-14 may be used to confirm and demonstrate that one of the main sources of ground vibrations in debris flows is the collision and friction of rocks or boulders against the channel bed. The information on the ground vibrations produced by the motion of individual rocks (Figures 5 -7 and 9 -11), may also be useful for interpreting seismic signals to explore the internal dynamics of granular flows.
[29] A comparison with the ground vibrations associated with earthquakes shows that the ground tremors caused by debris flows are significantly smaller with a higher-frequency range [Huang, 2004] . The attenuation of the seismic waves depends on the frequency [Toksöz and Johnston, 1981] , thus high frequencies correspond to a high decay rate. Therefore debris flow tremors can only be detected within a relatively short distance, as shown by the field test data and Figures 12-17 , which indicate that the surge front was first detected when it was near the sensors. This finding is discouraging, because an early warning signal depends on the advance detection of tremors. This shortcoming can be compensated for by installing sensors upstream of, or close to, the origin of debris flows.
Conclusions
[30] Experimental facilities were established to detect the ground vibrations produced by artificially released rocks impacting or rolling on the channel bed of Fong-Ciou Creek and Ai-Yu-Zi Creek, Nan-Tou County, Taiwan. These two sites are also equipped with automatic debris flow monitoring systems. Ground vibrations caused by rock motions and from an actual debris flow were detected using two or three geophones in series. The signals in the time domain were analyzed using both the FFT and the Gabor transform to yield signals in both frequency and time-frequency domains. The field test data and the monitored data for ground vibrations caused by various tremor sources support the following conclusions.
[31] 1. The range of frequencies of ground vibrations generated by a rock hitting the ground becomes narrower as the ground becomes denser. The frequency range may be wider for less dense ground, because the primary impact of the rock on the ground causes secondary motions between rocks and sand in the bed, hence widening the frequency range.
[32] 2. The propagation speed of ground vibrations along denser ground is larger than that along the looser ground.
The propagation speed through a fine-grained soil with a small concentration of coarse sediment is smaller.
[33] 3. In most tested cases, the sphere-packing model of granular rocks underestimates the propagation speed of ground vibrations.
[34] 4. The decay rates of ground vibrations can be adequately represented by assuming that the ground vibrations can be tested as cylindrical waves with an exponential attenuation function.
[35] 5. The accumulated ground vibration signals produced by the debris flow at Ai-Yu-Zi Creek on 2 July 2004, indicate that the ground vibration is three-dimensional with around the same peak velocity amplitude along the horizontal axes and a smaller value along the vertical axis. Furthermore, the forefront of the debris flows produced ground vibrations with frequency range lower than 50 Hz; after the front passed, the frequency lies between 50 and 100 Hz. At the moment the main front passed the sensor, the frequency spectrum covers a wide range, from 10 to 250 Hz.
[36] 6. The mean velocity of the main front of the debris flow at Ai-Yu-Zi Creek on 2 July 2004, was 13.3 m/s, determined from ground vibrations detected by geophones.
[37] 7. Comparing ground vibrations caused by rock motions with that caused by a real debris flow reveals that the frequencies caused by rock motions are within the frequency range of the debris flow. This finding suggests that the collision and friction between rocks and the channel bed dominated the ground vibrations in the debris flows. 
